Soft inclusions, such as capsules and other particulate admixtures are increasingly being used in cementitious materials for functional purposes (i.e. self-healing and self-sensing of concrete). Yet, their influence on the fracture behaviour of the material is sometimes overlooked and requires in-depth study for the optimization of mechanical and/or smart properties. An experimental investigation is presented herein on the role of bacteria-based lactate-derived particles on the fracture behaviour of cement paste in tensile configuration. These admixtures are currently used for the purpose of self-healing. Digital Image Correlation was used to obtain strain contours on the surface of the samples during the test. The influence of soft particles addition and age of the samples on the fracture mechanics of the composite were investigated.
INTRODUCTION
Micro and macro-cracks develop usually in concrete structures allowing corrosive agents to penetrate and consequently reduce the overall durability [1] . The process of deterioration in cementitious materials is accelerated when the exposed surface increases, therefore cracks are a severe threat to the safety and durability of concrete structures [2] [3] [4] [5] [6] . Self healing technology seems to be a good strategy to mitigate the direct and indirect costs related to repair of cracked concrete elements [7, 8] . Many types of self healing (SH) technology have been investigated in the past 20 years [9, 10] and capsules in particular demonstrated to be an efficient way to face the issue of protecting the healing agent prior to cracking while at the same time allowing the trigering of the healing mechanisms [3, 7, 9, 11, 12] . Despite the great interest shown on this technology, there are still relatively few studies concerning the effects that these particles have on the mechanical properties of the cementitious composites. This study focuses on the role of soft inclusions on the mechanical behavior of notched cement paste samples with healing agent (HA) particles during Uniaxial Tensile Test (UTT). Three different particle types were investigated with respect to their bond strength with cement paste and the most promising type was chosen for the subsequent experiments. Then influence of soft particles and hydration degree of the compos-ites were investigated through the analysis of measured properties such as stiffness, tensile strength and work of fracture.
MATERIALS AND TEST METHODS 2.1 Materials
Cement pastes were prepared by mixing ordinary Portland cement (OPC) CEM I 52.5 R with tap water with water-to-cement ratio (w/c) of 0.45, compliant with European standard EN-197-1 [13] . The healing agent (HA) particles were added to the paste specimens in dosage of 1.3% by weight of cement, which resulted in 1.5 % by volume of composite. The particles (maximum diameter of 3 mm) were composed of lactate bio-polymer, a calcium source and bacterial spores (of Bacillus cohnii-related strains). The activation nutrients were obtained from Corbion (Gorinchem, The Netherlands) [14] . Three polymer types were initally investigated, named P1, P2 and P3. Raw materials for their production were the same according to the supplier but each polymer underwent different production process resulting in different levels of chemical and physical interaction in the alkaline environment of the cement paste.
Sample preparation for bond strength
test For the investigation of the particle-cement paste bond strength bi-material samples were prepared consisting of equal parts of biopolymer and cement paste. The whole sample dimension was 15 mm × 15 mm × 10 mm.
For the preparation of the polymeric part, previously crushed HA particles were placed inside a shallow circular mould and heated to the corresponding transition temperature (T G ). The T G was different for each polymer and was determined as the temperature at which the polymer became homogeneous and could flow filling the free spaces among particles without suffering thermal degradation. When the heating temperature was too low only the surface particles melted whereas internally only the grain limbs melted. On the other hand when the heating temperature was too high air bubbles formed and parts of the polymer presented darkened areas. To prevent air bubbles and too high transition temperatures a constant pressure of 15.4 kP a was applied. Table 1 shows the temperatures at which each studied polymer was heated. After cooling, the polymer regained its original rigidity and was ready to be cut. For each polymer, 5 samples were prepared as follows. The polymeric half was placed into the mould and the same volume of cement paste was poured to fill the other half. The samples were left for 24 h at laboratory conditions and then demoulded. After demoulding only samples that were not debonded were half wrapped (on the polymer side) and cured in a chamber at 20 • C and 95% of relative humidity until the age of 28 days. In Figure 1 the resulting bimaterial samples are shown. P3-cement paste debonded after demoulding and therefore the bond strength was considered nil. 
Sample preparation for UTT
For the UTT, cement pastes with and without HA particles (1.5 % by volume of composite) were cast into prismatic moulds with dimensions of 15 mm× 15 mm× 90 mm. A vibration plate was used to minimize entrapped air in the fresh cement paste. The samples were sealed and left at laboratory conditions for 24 h, then demoulded and cured in a curing chamber as described before. After 7, 14 and 28 days, the samples were cut with a diamond saw into 15 mm side cubes and two notches of the same depth were made on two opposite sides of the cubes. The total length of the two notches was such that the area of the ligament was half of that of the un-notched section.
Bond strength test of bi-material prisms
For the measurement of the bond strength on bi-material samples uniaxial tensile test was carried out in a mini tension-compression stage with load cell of 500 N (Figure 4 ). The samples were glued to the loading plates which were connected to the frame through hinges, therefore allowing bending stresses. The test was performed in displacement control at a rate of 0.5 µm/sec. The bond strength was calculated from the measured peak load. 
Uniaxial Tensile Test of notched prisms
The UTT was performed by means of a servo hydraulic press Axial Tension-Compression Systems, model 8872 from Instron (High Wycombe, UK) on 6 samples per batch. The average vertical displacement of 2 Linear Variable Differential Transformers (LVDT) was used to control the test at a rate of 15 nm/s. The LVDT were positioned on opposite sides of the loading platens, coincident with the notched faces of the sample. In the configuration used the loading platens had high rotational stiffness with respect to the bending stiffness of the specimen, therefore they don't allow rotation of the faces of the sample where the tension is applied [15, 16] . Prior to the test the samples were glued to the loading platens in load control to prevent precracking due to the shrinkage of the pleximon glue. In Figure 2 the configuration described above is shown. From the obtained curves of Load vs. displacement it was possible to quantify the influence of inclusions on representative properties such as stiffness (K t to have information during the elastic phase), tensile strength (f t peak information) and work of fracture (W f post peak behaviour). Moreover the curve behavior could provide qualitative information on the brittleness and complexity of the rupture mechanism. The work generated during the tensile test to completely fracture the sample was calculated as in [17] : L. MERCURI, C. ROMERO RODRIGUEZ, Y. XU, S. CHAVES FIGUEIREDO, R. MORS, E. ROSSI, G. ANGLANI, P. ANTONACI, B.ŠAVIJA AND E. SCHLANGEN
Where u p corresponds to the elongation at the peak load and u f to the final elongation. With regards to the elastic stiffness of the element, K t , it was calculated simply as the quotient of the peak load and the deformation at the peak.
Digital Image Correlation (DIC) analysis
For each tensile test Digital Image Correlation (DIC) analysis was performed in order to track the sample surface displacements and to capture the crack pattern and crack nucleation. Freeware Ncorr [18] was used to perform the analysis. Prior to UTT a thin layer of white paint was applied on one side of the sample and random black dots were marked in order to perform the analysis. The digital images were acquired at 1 frame per second during the test. The digital camera used was a Canon EOS 6D, with a resolution of 20.2 megapixel and a MP-E 65mm f/2.8 1-5x Macro Photo lens.
RESULTS AND DISCUSSION 3.1 Bond strength of polymer-matrix inter-
face All the tested samples failed near the interface particle-cement paste. In [ Figure 4 ] the typical failure surfaces of the the bi-material samples are shown. For both P1 and P2 a white precipitate was observed within the polymer-cement paste in-terface. It is believed from visualization of the interface that the bio-polymer was not inert in the alkaline environment of the cement paste and that calcium leachates from the biopolymer are responsible for the observed precipitate [19] . Both the failure surfaces of the bi-material samples prepared from P2 show regular presence of the white precipitate, suggesting that the failure may have occurred within the layer of precipitate. Whereas when observing the fracture surfaces of P1 samples it is possible to observe that failure occurred both within the white precipitate and at the interface precipitate/polymer-cement paste surface. From the visual inspection there seems to be less white precipitate in P1 samples compared to P2.
In [ Figure 5 ] the calculated bond strength from the uniaxial tensile test of bi-material samples are shown.
Figure 5: Tensile test results of the interface bond strength
The results show markedly higher bond strength of cement paste with polymer P2 when compared to P1. The stronger interface for P2 samples seems to be correlated to the higher amount of precipitate present at the interface. P2 was then used for the rest of the experiments. Note, again, that in P3 specimens the polymer had debonded from the cementitious matrix upon demoulding. Its bond strength is therefore taken as zero. L. MERCURI, C. ROMERO RODRIGUEZ, Y. XU, S. CHAVES FIGUEIREDO, R. MORS, E. ROSSI, G. ANGLANI, P. ANTONACI, B.ŠAVIJA AND E. SCHLANGEN
Uniaxial tensile test
In Figure 7 and 6 a typical DIC analysis of the sample surface and corresponding curve Load vs. vertical displacement, respectively, are shown. The specific test configuration of fixed platens and two-notched cubes resulted in a characteristic state of stresses arising in the sample as described in [15, 16, 20] . For the majority of the tested samples, under these conditions, a crack nucleated from one of the notches first, as visible in Figure 7 a) and then continued to propagate to the other notch until a certain moment, as in Figure 7 a). At this point the propagation of the first crack stopped and a new one nucleated from the opposite notch. As the first crack propagated and the ligament area was decreased, a bending moment arised due to the rotation restraint imposed by the rotationallyfixed loading platens until the tensile stresses at the opposite notch overcame locally the tensile strength of the material. Theoretically, this behavior can be noticed in plate-like specimens from the resulting load-displacement curves, where a plateau is observed between a certain stage during the propagation of the first crack and the nucleation of the second crack [21] . In most of the tested samples this "bump" or "waggling" was not evident from the obtained curves. In [15] the author explained that cubical shapes of the sample resulted in a triaxial stress state, in the sense that local rotations may arise along the diagonal not aligned with the LVDT and go undetected.
Influence of hydration age on the mechanical properties
In Figure 8 the calculated K t , f t and W f are summarized for plain cement paste (CP) and for paste containing 1.3 % by weight of cement of polymeric particles (P2 1.3) . These were assumed to come from normal distributions and were tested through one-sided Grubbs outlier tests. [22] As an indication of the elastic properties of the studied composites the stiffness calculated from the elastic branch of the curves loaddisplacement was used [ Figure 8 a)]. The stiffness of cement paste sample remains more or less constant with hydration time. The cement type used in the samples was CEM I 52.5R which hydrates faster than normal cement because of the higher specific surface. Nevertheless for samples containing SH capsules this was not the case. Figure 7 : From left to right: first crack nucleation from the left notch after the peak load (corresponding to arrow 1 in Figure 6 ), first crack stopped (arrow 2), second crack nucleation from the right notch (arrow 3). A clear increasing trend is noticeable and at 28 days the samples with HA particles present higher stiffness than the reference cement paste. The presence of the particles, which were proven to be reactive in the alkaline environment of cement paste, as shown in Section 3.1, seem to have modified the hydration of an influence zone around the particle.
Regarding tensile strength the cement paste samples show only small increases with increasing age [ Figure 8 . This mild strength development after 14 days is linked to the fast hydration of CEM I 52.5R, as discussed for the stiffness. In the case of P2 1.3 the trend of tensile strength development with age results somehow unclear. Overall, the strength increased mildly from 7 to 28 days (about 8 %), but an unexpected value of tensile strength was measured for 14 days, higher that that at 28 days. At 28 days of hydration the tensile strength of M1.3 was lower than that of CP around 3 % which overall can be translated as the particles having small impact on this property for the studied dosage.
Post peak behaviour of young samples both from CP and P2 1.3 presented high variability as evinced from the values of the work of fracture reported in [Figure 8 c)]. The evolution of the work of fracture for CP series is as reported for its other properties: no differences on the property value is noticeable from 14 to 28 days of hydration. On the other hand for P2 1.3 a slow development is still evident in the same interval of time with significantly decreased work of fracture of about 79 %. Pressumably the lactate particles influence the kinetics of cement hydration and/or interacts chemically with the cement in such a way that the achievement of the "final" value of the property is delayed. Overall, cement paste samples presented significantly higher work of fracture than the paste with 1.3 % of inclusions.
CONCLUSIONS
Some conclusions can be derived from the work presented in this study regarding the influence of lactate-derived self-healing particles on the fracture behavior of cement paste:
• The lactate-derived HA particles P1 and P2 show different levels of reactivity in the alkaline environment of cement paste, resulting in different bond strengths with cement paste. A failure within the layer of precipitates between polymer and cement paste seems to yield higher bond strength than a failure along the interface cement paste-polymer/precipitate.
• From the comparison between the development in time of stiffness, tensile strength and work of fracture of plain and self-healing cement pastes is suggested L. MERCURI, C. ROMERO RODRIGUEZ, Y. XU, S. CHAVES FIGUEIREDO, R. MORS, E. ROSSI, G. ANGLANI, P. ANTONACI, B.ŠAVIJA AND E. SCHLANGEN that the HA particles influence the hydration kinetics of cement or interact chemically with the surrounding paste over time.
• At an age of 28 days the addition of HA particles resulted in an increase in stiffness of 42 %, negligible decrease in the tensile strength of 3 % and dramatically reduction of the work of fracture at around 79 %.
